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Abstract 
This paper concentrates on the analysis of trends and issues in the mitigation of road traffic noise through the use of quiet 
pavements. Quiet pavements were listed and analysed. Results demonstrate that it still remains crucial that experiences are 
shared in order to permit that innovations and products developed for use within specific member states may be equally 
beneficial or valid for use in a wider area. Furthermore, there is still a need for further research in the field of texture versus 
bulk properties and their synergetic effect on noise generation. Outcomes are expected to benefit both practitioners and 
researchers. 
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1. Introduction 
Noise pollution is one of the most important environmental problems in Europe (see [1] [2]; [3], World Road 
Association reports on quiet pavement technologies, etc.). Noise reduction at the source is very cost-effective 
(more than treatments on the buildings or on the propagation path - noise barriers). Power unit and tyre-road 
contact are the main sources. In the mid-to-high speed range (approximately above 40 km/h for passenger cars 
and 70-80 km/h for trucks) the main contributor to traffic noise is tyre/road (rolling) noise [4]. Pavement-tyre 
interaction generates acoustical pressures (Weyl-Van Der Poel’s equation) which generate loudness ([5]-[8]). 
Tyre/road noise may vary more than 15 dB (tyre and pavement type). Although many issues are still unsolved and 
more research is needed, it is clear that the optimisation of road surface properties is very promising in terms of 
tyre-road noise reduction.  
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2. From theory to practice 
Tyre-road noise depends on several mechanisms and two main systems (tyres and road surfaces). Mechanical 
Vibrations are generated through successive impacts between tyre tread pattern and pavement surface texture. Air 
Vibrations are generated between the road surface and the tyre grooves. As the tyre rolls along the pavement: i) 
air is squeezed out; ii) some air is trapped and compressed; iii) then air is sucked back in. This succession of air 
compression and expansion happens hundreds or thousands of times per second. The “Stick-Slip” effect is 
generated by the shifting adhesion (stick) and gliding (slip) of the tyre tread pattern and generates vibrations. 
These happen thousands of times a second, thus generating high frequency sound.  The “Stick-Snap” effect is also 
known as suction pad effect (tread pattern abruptly leaves the pavement surface at the rear of the tyre-pavement 
contact area, which leads to radial vibrations). The amplification mechanisms are the following: acoustical horn, 
Helmholtz resonance, pipe resonance, sidewall vibrations, and cavity resonance. The acoustical horn effect is 
generated by the geometry of the tyre and the pavement, which forms a wedge-shaped segment of open air. This 
results in significant amplification in the forward and aft directions and distortion of some frequencies. Helmholtz 
resonance effect occurs as the air (into the wedge where the tyre and pavement meet) vibrates up and down. The 
result is an amplification of some frequencies unique to the geometry of the tyre and the pavement. Pipe 
Resonance pertains to “pipe” geometries which can be found as the various grooves in the tyre are pinched-off 
and opened-up at various points underneath the contact area. Sound generated elsewhere can be amplified within 
these pipes. Sidewall resonance (cell phone on pie plate effect) refers to the deformation of a tyre sidewall when 
in contact with the pavement. Most of the small vibrations described as generating mechanisms will be amplified 
as vibrations of the tyre sidewall. Cavity Resonance (in tyre tube, also known as “the balloon” effect) is created 
when a tyre is “kicked” and can actually be better heard inside the vehicle, where the air inside the vehicle itself 
tends to further amplify this frequency.  The acoustic design of a pavement, PAD, is a part of the wider task of 
pavement design and pertains to vehicle/tire/pavement acoustic optimisation. Tyres and road surfaces are the 
main systems which act as a source. The potential for future noise reduction by optimizing tyres is estimated to be 
1-2 dB for cars and up to 2 dB for heavy vehicles [9]. On the contrary, the influence of road surfaces, for dense 
surfaces ranges from 4 dB (cars) to 2 dB (heavy vehicles), is around 6 dB for optimized dense surfaces, and 
ranges from 8 dB (cars) to 4 dB (heavy vehicles) for porous surfaces. Surface texture and bulk properties govern 
the contribution of road surfaces to tyre-road noise ([4]; [10]-[13]). In more detail designers can focus on: i) 
macro- and megatexture; ii) porosity; iv) thickness of layer (especially for porous surfaces). Usually are 
considered factors of minor-to-moderate influence: v) microtexture and/or friction and/or adhesion; vi) 
unevenness; vii) Stiffness; viii) other layers (except that in the case of two-layer porous asphalts). Surface texture 
is usually described in terms of micro-, macro- or megatexture, in relation to the texture wavelength, i.e. the 
quantity describing the horizontal dimension of the irregularities of a texture profile. These terms are defined in 
the international standard ISO 13473-2 (2002) and each wavelength dominion can be associated to typical peak 
amplitudes. It is noted that a surface irregularity at a Owavelength excites at a frequency (f) which depends on 
the vehicle speed V (f = V/O ifO=27mm, V=97 km/h, then f#1000Hz). Very small wavelength texture 
(wavelengths lower than 0.5mm) affects adhesion and friction, but it is not clear whether this has more than a 
small to moderate effect on noise levels. The texture at wavelengths of about 0.5 to 10 mm affects air pumping: 
the greater the texture, the lower the noise from air pumping. The texture at wavelengths of about 10 to 500 mm 
affects the basic excitation of the tire casing and the radiation of noise below about 1000 Hz. In this range, 
increased texture will increase noise levels. As for porosity and thickness,  porosity reduces the effects of air 
pumping. Generally speaking, the higher the effective porosity, the lower the noise; the smaller the size of the 
voids the lower the noise; the higher the layer thickness the lower the average noise. It is noted that the resistivity 
affects peak frequency and the range of effectiveness, and the shape factor (tortuosity) affects peak frequency and 
range of effectiveness ([5]; [14]-[19]). It is noted that the influence of thickness is high for porous surfaces. 
Stiffness and/or asphalt binder additives can have relevant effects. The pavement stiffness is much higher than the 
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stiffness of a pneumatic tyre. For this reason modifications of the effective hardness, or stiffness of the surface 
(i.e. its reactive impedance), for example due to the modification of asphalt binder are often considered not 
relevant [20]. Even if an extra layer can provide only small (acoustic) benefits compared to a single layer of the 
same thickness as the two layers, it seems relevant to observe that other benefits (maintenance) can be associated 
to two-layers solutions. Friction affects stick-slip noise (the lower the friction, the lower the associated 
contribution to noise). Adhesion affects stick-snap noise: the lower the microtexture, the greater the adhesion 
forces between tires and the roadway surface, the higher the level of stick-snap noise will be. From a practical 
standpoint, there are a few basic rules for designing a silent bituminous surface ([9]): i) The surface must be 
provided with sufficiently deep macrotexture (minimum texture depth: 0.5 mm) making up a random, closely 
packed, homogeneous array of small to medium size aggregates (maximum size: 10 mm) in order to prevent air 
pumping; ii) Or, the role of macrotexture can be played by a porosity made of pores connected to the surface and 
to one another (minimum voids content: 20%) which moreover will provide some favourable sound absorption if 
the layer is sufficiently thick (minimum thickness : 40 mm); iii) Megatexture and large-wavelength macrotexture 
must be minimised by ensuring in all cases that macrotexture is fine and homogeneous. This holds for porous 
surfaces also. From a theoretical standpoint, although there have been numerous studies of the noise generation 
properties of different types of pavements, there is still the need of reliable tools. The relation which quantifies 
the link between the acoustical pressure and the above described phenomenon originates from Weyl-Van Der 
Poel's equation (see Fig.1, [5]). For a given choice of pavement bulk and surface properties, the theoretical 
problem is to derive the expected noise. It is noted that even if the derivation of the absorption properties (a0, Q) 
is quite simple many uncertainties still remain when deriving the overall result. Fig.1 summarizes the main logical 
links aimed at deriving the resulting noise based on a physical-based approach. 
 
 
Fig. 1. Pavement acoustic design 
 
Several tools for experimental assessment can be listed. In situ methods are generally preferred and a several 
methods are available for outdoor tyre/road noise measurements. These simple and robust methods are used to 
evaluate the noise performance of a road surface and possibly to label/classify it. The following acoustic noise 
performance indicators for road surfaces can be listed (see AA.VV., forthcoming): i) Statistical Pass By Method 
(SPB, ISO 11819-1). ii) Controlled Pass By Method (CPB); iii) Close Proximity Method (CPX, ISO/CD 11819-
2). iv) On Board Sound Intensity (OBSI, AASHTO TP76). Auxiliary measurement methods of noise-relevant 
surface characteristics are sometimes used (texture, sound absorption - ISO 13472-1, ISO 10534-1-2- Mechanical 
impedance or dynamic stiffness, for very elastic pavements). It is sometimes expected that auxiliary methods, 
because they are accurate and easier to implement, could be used as “proxi”. Such expectation is premature.  
p=(Ad/rd)[exp(ikdrd)]+(Ar/rr)Q[exp(ikrrr)] 
(Bérengier and Hamet, 1997,  notes 1-2) 
Rp+1-RpF 
Zc, k See note 3 :, Rs, t, q2 Bulk characteristics 
Symbols. p: sound pressure; Rp sound pressure reflection factor of the surface; Ad=Ar=A=generation factors; rd, rr: are the direct and 
reflected ray path lengths; kd=kr: acoustic wavenumber; i=imaginary unit; F= function of r and Z, between 0 and 1; Zc: characteristic 
impedance of the layer: Q=spherical reflection coefficient; a0=absorption coefficient; t=thickness; 2) :=porosity; q2=tortuosity; Rs=airflow 
resistance. Notes. Note 1. A was supposed to depend on texture spectrum, see ([6 ]). Forces related to texture which cause tire vibrations and 
in turn noise estimated by [20]. For the radiation from tire-pavement vibrations see [20].  Note 2.For the pressure radiated from air pumping, 
see [20]. Note 3. Magnitude of interaction force [20]. 
Requirements? 
Surface course texture 
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3. Noise optimised pavement technologies 
The boundary between the different classes and types of quite pavements is often not well defined. 
Furthermore, it should be noted that the acoustic design of pavements also have to integrate all other 
performances the pavement should provide, such as wet friction, quietness, reduction of splash and spray, 
sufficient reflectivity, drainability, chemical resistance, mechanical resistance, etc. From a noise-related 
standpoint, the following main classes of solutions can be considered. Note that in what follows the costs refer to 
production costs (agency costs). 
3.1. Porous asphalt 
Porous asphalt (PA) is to date, the most efficient road surface technology in terms of noise reduction. It is 
mostly used as a single porous layer, however double layer porous asphalt are widespread in some countries (eg. 
The Netherlands). There are many types and derivations of open-graded friction courses (OGFC) and many terms 
are used to define them (e.g., permeable friction courses-PFC, porous European mixes-PEM, new generation 
open-graded friction courses-NGOGFC, porous asphalt-PA, etc., see [21]). A conventional OGFC is a layer of 
asphalt that incorporates a skeleton of uniform aggregate size with a minimum of fines. Porosity is created by a 
gap in the grading curve of aggregates. In the past, these pavements typically had a void content as low as 12% 
and as high as 15 or 16%. In the U.S. this material rarely exceeds 20% of voids content [22], while in the other 
countries 15% to 30% air voids for porous asphalt are used. The layer thickness of porous asphalt in other 
countries is usually between 40 and 50 mm. In the U.S.A., most open-graded friction courses are around 20 mm 
thick, and usually no thicker than 5 mm. A two-layer porous asphalt (usual total thickness in the range 50-90 mm) 
consists of a coarser underlying porous layer with a finer porous surface layer on top [23]. Normally, the 
underlying layer has a maximum aggregate size of 12.5 mm (0.5 in.) to 19 mm (0.75 in.) and the layer is about 35 
to 60 mm thick. Usually the top layer is comprised of a maximum aggregate size of less than 9.5 mm (0.375 in.), 
and it is 15 to 30 mm thick. Regarding the composition of these materials, in the U.S. air voids between 15% and 
19% are typical, while in Europe and Japan air voids can be as high as 20% to 30%. This porous two-layer 
pavement type is very effective in reducing noise in pavements and should be in principle less sensitive to 
clogging than single layer porous asphalt. However, it is more complex to produce than a single layer, due to the 
bonding of the two layers. For this reason, a new type of asphalt paver (multi-asphalt paver, MAP) is used in 
Japan that allows simultaneous spreading of two different types of asphalt mixtures as upper and lower layers. 
Clogging of PAs is generally observed after few years of use, reducing their drainage abilities and noise 
efficiency. Cleaning systems using high pressure water flow and vacuum cleaning are expensive and cannot 
restore the initial drainability. Therefore, the experts recommend OGFCs and PAs to be used on high-volume, 
high-speed roadways such as interstate highways, where the suctioning action of the tyres on the pavement tend 
to pull detritus from the porous lift. Furthermore, porous layers are often less resistant against tangential stresses; 
therefore, they are often not recommended for use in e.g. crossroads or roundabouts. Many experiments show that 
PA offers superb noise attenuation (e.g., 5dB) and durability properties (e.g., eight or more years [21]; [24]). Fine 
mixes (0/8 mm) have better noise reducing properties but usually poor structural lifetime (5-7 years). It is noted 
that in the Netherlands porous asphalt has been applied on the main motorway since the 1980s and by increasing 
the bitumen content, the service life has been increased to 13 years for the riding lane and to 16 for passing lanes. 
In contrast, Bonnot (1997) [25] states that the French 8-years of life experience has not indicated that porous 
asphalt with unmodified binders is more susceptible to ravelling than mixes with modified binders. Also, the 
binder film of pure bitumen causing reduced skidding resistance in the early life of porous asphalt is more rapidly 
removed (3-6 months) by traffic than the binder film of modified bitumen (8-18 months). On Japanese 
motorways, it was reported that porous asphalts sustained 3 dB lower noise than neighbouring dense grade 
pavements, even 3 years after construction. Also porous asphalts showed less rutting increase than dense-graded 
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[26], thanks to the use of highly polymer modified bitumen (PMB). A special PMB with more than 9% SBS 
content was developed for snowy areas [27]. For two-layer porous asphalt surfaces, a Danish study on urban 
roads showed noise reductions of 4 to 6 dBA (compared to a reference surface of dense asphalt concrete). In 
terms of durability, the two-layer system life varies from only 3.3 years to more than 10 years. Friction of porous 
asphalt in time is not a problem provided the right quality stone is used. In the Netherlands stone with a PSV of 
58 is desired for the high traffic volume roads (main motorway network). Friction of new laid material can be a 
problem because of the smooth film of bitumen covering the aggregate, not yet worn out by the traffic. PA 
usually shows very good to excellent splash and spray properties provided that voids are not clogged with fines. 
The cost of OGFC is variable. This type of material costs between 30 to 50 percent more than conventional 
asphalt mixes ([24]; [28]).  
3.2. Rubberized asphalt material 
An asphalt rubber friction course (ARFC) is usually a wearing surface layer that is built using either a gap-
graded or open-graded asphalt mix and which contains from 15 to 20 percent of crumb rubber in it [29], by 
weight of liquid asphalt cement. Such pavement has been used in different countries, mainly in the USA and a 
few European countries (Portugal, Spain). Performance results have differed accordingly, but the overall 
experience has been positive, with more research being conducted in the area of tyre-pavement noise [30]. The 
one-inch thick ARFC surfacing used in the State of Arizona in the U.S. consists of a 3/8 open-graded aggregate. 
Typical asphalt-rubber binder contents range from 9 to 9.4% by total mix weight. This overlay strategy was also 
used for most of the Portland cement concrete pavement (PCCP) overlay placements since 1988 [31]. Regarding 
acoustic characteristics, results have been reported in different studies and noise reductions range up to 6.7 dBA. 
As for cost, “The higher cost of asphalt rubber mixes will likely limit wider use of the material for the time being 
– unless, of course, the driving public starts making noise about wanting quieter roads” [29]. In the State of 
Arizona, assuming a pavement with fatigue failure with alligator cracking, “an asphalt rubber overlay could cost 
US$60,000 per lane mile.” “The rehab might cost US$200,000 or more per lane mile” [29]. 
3.3. Poroelastic road surface (PERS) 
Such a surface concept was developed many years ago in Sweden, later improved in Japan and more recently 
further studied within a EU project. Even if PERS have an outstanding role from a scientific standpoint, it is 
noted that such pavements are not available on the market and they are still under development. PERS is defined 
as a mix that contains from 20 to 40% of air void content and is made of rubber, usually from scrap tyres. The 
rubber content is about 20% in volume of the mix. Aggregates and rubber are bound by a polymer modified 
asphalt or polyurethane binder. Virtually, any type of good performance binder could be used; however, only 
bitumen and polyurethane binders have been used to the present time ([32]; [33]). This type of material provides a 
very elastic surface which is beneficial to the vibration-excited rolling noise produced by vehicle tyres. According 
to Swedish-Japanese studies, poroelastic road surface provides an effective reduction of tyre-pavement noise 
between 5 and 15 dBA compared with conventional dense asphalt surfaces. In the Japanese experience, some 
problems with this material have been faced and possibly solved such as insufficient adhesion between the 
pavement and the base course, low skid resistance, and poor fireproof performance. Furthermore, it is noted that 
PERS typically possesses lower than average friction properties. No costs were reported so far but it is expected 
to be much more expensive techniques than the conventional. 
3.4. Thin or very thin layers 
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Usually, these surfaces are thin (15-40 mm) bituminous layers, coated at the plant and hot rolled. Low noise 
types of these thin surfaces are gap-graded, and typically, the grading is 0/6, 0/8 or 0/11 with a gap at the medium 
aggregate sizes and the binder is bitumen modified with elastomers. Recently, products with 0/4 grading were 
developed, showing particularly low noise properties. Many of these products appear on the market under 
proprietary names. Thin layers have largely replaced the classical surface dressings as a maintenance technique, 
especially in urban areas where noise problems can be critical. 
3.5. Stone mastic asphalt (SMA) 
There are many types of SMAs. This material can be classified as a gap-graded friction course with voids 
filled with a considerable amount of asphalt binder, stabilizer and finer aggregate. Results of pavement texture 
observations and noise measurements on Highways M18 and A50 in the United Kingdom show that SMA is a 
surface treatment offering a very promising option to reduce tyre-pavement noise, especially when looking at 4 or 
5 years after placement. Data on noise, texture measurement methods, and skid resistance in these pavements 
showed very good results [34]. In the EU project SILENCE, work has been carried out to optimize the noise 
reduction of different types of pavements for urban roads. Danish Road Institute/Danish Road Directorate (DRI) 
found an initial noise reduction for passenger cars of 4.3 dB in relation to a DAC 11 reference pavement of the 
same age [35]. It is noted that the new generation of SMA has a very small maximum size aggregate, generally 
about 5 or 6 mm (~0.2 in.). It has a gap-graded coarse aggregate, with the gap occurring in the range of 2 to 4 
mm. The aggregate is 100% crushed material that is very cubical with good polish resistance values. Fibers are 
used in the mix and polymers or powdered crumb rubber may be employed in the binder.  New generation SMAs 
have design air void contents between 5 and 10%, much higher than the normal 3 or 4% design air void content 
for conventional SMAs. The cost of SMA is higher than a conventional dense graded asphalt mix.  Projects 
developed in the State of Washington in the U.S. showed that the cost of SMA could be around 20 to 25% more 
than a dense graded asphalt mix (WSDOT 2000).   
3.6. Thin, very thin and ultra-thin surfacing (VTAC) 
These techniques with layers of small thickness were developed to better fit to urban specificities: laying down 
is easy and quick, thus limiting traffic hindrance and costs. Surface properties are homogeneous and can be good 
in terms of noise reduction and often excellent in terms of skid resistance [36]. Open-graded thin layer are 
becoming very popular for noise reduction in urban areas, where porous surface are banned because of clogging 
problems and low shear resistance. The characteristics of Very Thin Asphalt Concrete are described in a 
European standard (standard EN 13108-2). A distinction is made between dense surfaces (class 1) and open-
graded surfaces (class 2) which are usually used for road noise reduction purposes. A VTAC of class 2 is 
typically an open asphalt mixture, half way between a open porous asphalt and traditional very thin asphalt 
concrete, with a very thin layer (2 to 2.5 cm thick), a higher void content than a traditional VTAC of class 1, but 
lower than PAC. To limit noise generation, the use of small aggregates is sought, typically 0/10, 0/6 or even 0/4 
(however, this later has been developed recently as a proprietary product and is not part of the European 
standard). It is noted that void contents are measured in laboratory with a gyratory shear compactor, after 25 
rotations. They are between 20 and 25% for VTAC 0/6 and between 18 and 25% for VTAC 0/10. This porosity is 
obtained with intermediate granular fractions between PAC and traditional VTAC class 1. The proportioning in 
sand (maximum size 2 mm) is generally between 15 and 25% and most often around 20%. A clear gap appears in 
the grading curve: between 4 and 6 mm for the VTAC 0/6 and between 2 and 6 mm for the VTAC 0/10. The fine 
content are rather high (6 to 8 %) in order to stiffen the bituminous mastic that coats the great number of 
aggregates. The use of modified bitumen with polymers prevents the binder from flowing and enhances the 
mechanical properties and the durability of the mix. The proportion of binder for a VTAC 0/6 of class 2 is usually 
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between 5.0 and 5.4%. Some additives such as fibers or special aggregates (rubber chips, artificial porous 
aggregates) can be introduced in the mix in order to improve mechanical or acoustical properties. 
  
Table 1. Definition of asphalt concrete mixtures 
Name Thickness 
(mm) 
Max chipping size 
(mm) 
Void Content (%) Sand content 
(%)** 
DAC 50 - 80 10 or 14 4 - 9 28 - 35 
PAC 40 10 or 6(*) 20 – 30 10 – 14 
VTAC class 1 (“traditional”) 20 - 30 10 or 6 10 – 20 22 – 35 
VTAC class 2 (“low noise”) 20 - 30 10 or 6(*) 18 – 25 17 – 22 
UTAC 10 - 20 10 or 6(*) not significant 15 - 22 
(*) with gap grading; (**) order of magnitude 
 
Cuts of VTAC of class 2 compared to dense asphalt concrete (DAC) and PAC show that DAC is a mix with 
aggregates of continuous grading, PAC is a discontinuous mix with a lack of medium and small aggregates, and 
open graded VTAC is an intermediate mix with a lack of medium aggregates. As for proprietary products of thin 
and ultrathin surfaces, note that: i) an overall separation in open and dense mixes with different acoustics 
properties can be considered; ii) often these types of bituminous surfaces are patented products; iii) few 
experiments have been carried out in order to test their performance over the time; iv) there is an European 
standard for defining Asphalt concrete for very thin layers [EN 13108-2 (2005)]; v) a technical agreement is 
currently being prepared by CEN for ultrathin layers; vi) there are many competing products which can guarantee 
high performance and experience shows that these commercial products sometimes have a limited existence on 
the market. The thin surfacing products announce reductions of road traffic noise between 3 and 9 dBA compared 
with conventional dense asphalt surfaces [37]. Texture depth is often close to 2 mm (0.08 in.). The costs of 
surface treatments are very variable (regional availability, different contractors) and may be justified in cases 
where traffic congestion due to repaving may be critical and when faster repaving is needed. Other potential uses 
of thin surfacings include bridge decks, temporary pavements and emergency repairs. 
3.7. Surface dressing 
A surface dressing or bituminous surface treatment (BST, e.g. seal coat or chip seal) is a protective wearing 
surface that is applied to a pavement or base course. The main components are emulsion and aggregates. The 
main steps of construction are: surface preparation; asphalt emulsion application; aggregate spreading (usually in 
excess); aggregate embedding (through a roller into the asphalt material, against the underlying pavement). 
Unlike asphalt concretes in which the aggregates are coated in the mixture, the aggregates in surface dressing are 
sprayed over the bituminous layer, resulting in a significantly rougher texture of the surface which generally 
favours noise generation. Overall, surface dressings do not have a structural objective. They can provide a 
waterproof layer, protect the underlying pavement, increase the skid resistance, fill for existing cracks or ravelled 
surfaces, provide an anti-glare surface during wet weather or increase the reflectivity of the surface for night 
driving. Note that beyond single surface treatments, also double or triple Surface Treatments are sometimes 
constructed. Note that slurry seal, Microsurfacings and high friction surfaces have in common several 
compositional and construction aspects. Slurry seal (a combination of asphalt emulsion, well-graded fine 
aggregates and filler, cement and water) is mixed on the truck in transit and is placed. Friction surfacing is 
available as hot (application of a hot pre-mixed material consisting of binder and calcined bauxite) or cold 
(application of a tough liquid binder onto the road surface followed by the application of calcined bauxite 
aggregate). Surface dressings are never used for noise mitigation purposes. However, different studies about 
acoustical effectiveness of surface dressing have been carried out in different countries. For instance, in the 
United Kingdom surface dressing has been compared to chipped hot rolled asphalt (HRA) surface courses, 
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indicating that surface dressing produced a greater noise level. This high noise level, combined with the 
deterioration of the surface dressing and the poor ride quality associated with differential settlements, resulted in 
an “excessively” noisy carriageway. Tests conducted in the Netherlands and Germany showed that there is a 
linear correlation between noise levels and mean profile depth (MPD) values. For surface dressing the noise level 
increased by 4.5 dB per mm with increasing MPD values [38]. The cost of surface dressing can be quite low. It 
depends on the material used and on its thickness. It usually varies from 1.00 €/m2 to 2.50 €/m2. 
3.8. Cement concrete surfaces 
Among cement concrete surfaces, porous concrete is the only type that can be considered as “quiet”. The void 
content is large, intentionally built in by using a gap- or open-graded mix. As for porous asphalt concrete, porous 
cement concrete provides both low noise emission and good drainage capacity [32]. The rolling noise on porous 
concrete is theoretically improved compared to dense concrete pavements (-5 dB, typically). When the pavement 
preserves its acoustical characteristics for over three years (also in this case clogging evolves) it can be qualified 
as a noiseless pavement. ModieSlab a one-to-two-layer porous concrete developed in the Netherlands allows an 
actual noise reduction of 6-7 dB compared to a dense-graded reference mix [30]. In the U.S., the United States 
Environmental Protection Agency (EPA) reports that porous concrete has been known to have a high rate of 
structural failure – about 75 percent. In Belgium, reports show that the cost of a porous concrete wearing surface 
placed on top of a CRCP was about 40 percent greater than the reference pavement, consisting of a 22 cm (8.7 
in.) thick CRCP. The document concludes that if polymers were added to porous concrete, the cost would 
increase 25 percent more [39]. Exposed aggregate concrete is one where the surface of the concrete is sprayed 
with a set retarding agent and then the mortar is washed away. The concrete mix is usually prepared using a high 
quality aggregate with a polished stone value (PSV) over 50 [32]. EAC pavement can be constructed in one or 
two layers. Recycled materials could be even used in the bottom layer of this pavement. The experiences in 
Germany and Austria estimate that this type of pavement can last up to 30 to 40 years, assuming that studded 
tyres are not used that accelerate the deterioration of the pavement [40]. A test section was constructed in the U.S. 
in Detroit, State of Michigan: Friction levels were not too different between tests conducted one and five years 
after construction; however, noise levels were not as low as expected one year after constructing the EAC 
pavement. In Austria, EAC costs around $2 to $3 per square meter [40]. Drag textures are created by dragging a 
tool along the surface of the pavement. Hand or mechanical brooms are often used to provide the texture to the 
concrete. Common drag textures include carpet drag, broomed surface and burlap. These are all considered 
shallow textures with grooves between 1.5 to 3 mm (0.06 to 0.12 in.) deep, either longitudinally or transversely 
[32]. Evaluations conducted in the State of Minnesota in the U.S. have shown that the use of artificial drag texture 
provides comparable noise levels and surface friction to conventional hot-mix asphalt (HMA) pavements [32]. As 
for friction Properties, some studies showed that drag textures are good for roadways with speeds less than 72 
km/h [32]. Drag texturing concrete pavements is one of the lowest cost methods to limit tyre-pavement noise 
levels; however, the long-term performance of these methods needs to be improved by better technology, 
materials, and construction procedures. It is a consensus that drag textures offer their best in roadways where 
speeds are below 72 km/h, urban areas).  For high speed highways, the use of other materials might need to be 
considered as an alternative. Diamond grinding consists of removing surface irregularities from concrete 
pavements that are often caused by faulting, curling, and warping of the slabs [41]. This technology has been used 
for different purposes in pavements; it has been used to restore the smoothness of existing pavements and has also 
been used to reduce tyre-pavement noise levels (diamond grinding may achieve noise reductions between 3 and 6 
dBA in Next Generation Concrete Surface or NGCS [32] and to increase pavement friction. In some cases, 
diamond grinding has been considered as a possibility to comply with smoothness specifications in newly placed 
concrete pavements. A diamond ground surface may be expected to last at least 8 to 10 years, before requiring 
another treatment. Information collected in the U.S. estimates that diamond grinding costs between US$2.00 and 
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$8.00 per square meter of pavement (US$1.70 and US$6.70 per sy; 1sy= 0.836127 m²). This cost may increase up 
to US$12/m² or $10/sy depending on factors such as aggregate type, PCC mix properties, depth of removal, and 
smoothness requirements [41]. In Europe, diamond grinding costs are around 1€/ m2 and per mm depth [42]. 
Longitudinal tining is created by using a tining head that moves longitudinally along the pavement. Longitudinal 
grooves have resulted in lower friction numbers when compared to transverse tining and other textures. 
Longitudinal tining has shown to prevent vehicle skidding and improved safety and has shown to be quite 
successful in drier climates where surface drainage is adequate [32].  As for acoustical effectiveness, it has been 
found that a uniform tine spacing of 19 mm, tine width of 3±0.5 mm, and an individual tine depth of 3 to 6 mm 
provides good results [32]: uniform longitudinal tining produced approximately a 5-9 dBA reduction over 
uniform-random transverse texture.  The cost associated with tining a PCC is usually implicit in the pavement 
cost (budgeted per square yard of a given thickness and pavement type). Thus, this texturing technique is one of 
the most cost-effective methods to reduce tyre-pavement noise levels. 
3.9. The durability issue of noise properties 
Noise mitigation (Tab.2) interacts with pavement expected life, this latter based on mechanical (bearing 
properties) and functional (surface properties) performance [43]. 
Table 2. Duration of noise mitigation (SPB method) 
Solution  E (years) INR (dBA) F/MNR  (dBA) 
DAC Variable  0 -2 
PA 10-12 4 <3 
TPA 9 6 4 
SMA-like thin layers 9.5 4.7 3 
Porous-type thin layers 8.5 5 3 
E: Expected lifetime (years); INR: Initial noise reduction (dB(A)); F/MNR: Final/minimum noise reduction (dB(A)); DAC: dense asphalt 
concrete; PA: porous asphalt concrete; TPA: two-layer porous asphalt; SMA: stone mastic asphalt. 
4. Conclusions 
There is a strong focus on source-related mitigation measures and an increasing emphasis on cost-
effectiveness. Low noise road surfaces are one of these cost-effective measures and authorities have been 
supporting their development for many years. Many solutions exist on the market, adapted to high speed road or 
to urban conditions. Among them, many proprietary products have appeared on the market in the recent years. 
Fast acoustic ageing of low noise road surfaces can be a hindrance to their use and development. However, 
knowledge on ageing effects is still insufficient. Therefore, there is a need to better understand the process, the 
cause, and to optimise the maintenance techniques for durable low noise surfaces. It still remains crucial that 
knowledge and experiences are shared in order to permit that innovation and products developed for use within 
specific member states may be equally beneficial/valid for use in a wider area. There is an urgent need for the 
standardisation of assessment methods for road surface noise efficiency and acoustic labelling. This would 
facilitate the sharing of knowledge on low noise road surfaces, the comparison of products and this would help 
road owners to achieve the selection of the appropriate products. Due to the evolution of traffic spectrum, it 
becomes more and more relevant to include truck tyre noise in mitigation research. Infrastructure sustainability is 
growing in interest, in the sense of a development that meets the needs of the present without compromising the 
ability of future generations to meet their own needs. The fact could imply the opportunity of considering, in 
future projects, the combination of noise, air pollution and other environmental issues. In particular with what 
concerns road surface characteristics, the combined study of noise, rolling resistance and shear resistance 
properties would be of a great practical value. 
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